With use of the yeast two-hybrid system, the proteins RIP and FADD/MORT1 have been shown to interact with the "death domain" of the Fas receptor. Both of these proteins induce apoptosis in mammalian cells. Using receptor fusion constructs, we provide evidence that the selfassociation of the death domain of RIP by itself is sufficient to elicit apoptosis. However, both the death domain and the adjacent a-helical region of RIP Apoptosis-the appearance of regulated cell death within multicellular organisms-is one of the fundamental means by which a cell can respond to environmental changes. One of the best studied mammalian apoptosis systems involves Fas, a type I membrane receptor that, when crosslinked by its cognate ligand, induces apoptosis in a wide variety of cells (for review, see ref. 1). Functional mapping of the intracellular moiety of Fas identified an 80-amino acid-long domain that was necessary for apoptosis induction. A functionally homologous domain was also found in the p55 tumor necrosis factor (TNF) receptor and was aptly called the "death domain" (2, 3). It was presumed that the death domain transmits its signal after interaction with an intracellular ligand(s). In an attempt to isolate these molecules, several groups used the two-hybrid system to detect interacting proteins. Interestingly, three genes, RIP (4), FADDIMORT1 (5, 6), and TRADD (7), have been found that interact with Fas and/or the p55 TNF receptor and possess death domains of their own. Moreover, these genes induce apoptosis upon overexpression, suggesting that they mediate a physiologic apoptotic signal. RIP encodes a unique domain with homology to both serine/threonine and tyrosine kinases. This domain is separated from the death domain by a so-called "spacer" region with sequence similarity to the a-helical domains of the trichohyalin hair proteins (4).
fusion constructs, we provide evidence that the selfassociation of the death domain of RIP by itself is sufficient to elicit apoptosis. However, both the death domain and the adjacent a-helical region of RIP are required for the optimal cell killing induced by the overexpression of this gene. By contrast, FADD's ability to induce cell death does not depend on crosslinking. Furthermore, RIP and FADD appear to activate different apoptotic pathways since RIP is able to induce cell death in a cell line that is resistant to the apoptotic effects of Fas, tumor necrosis factor, and FADD. Consistent with this, a dominant negative mutant of FADD, lacking its N-terminal domain, blocks apoptosis induced by RIP Apoptosis-the appearance of regulated cell death within multicellular organisms-is one of the fundamental means by which a cell can respond to environmental changes. One of the best studied mammalian apoptosis systems involves Fas, a type I membrane receptor that, when crosslinked by its cognate ligand, induces apoptosis in a wide variety of cells (for review, see ref. 1) . Functional mapping of the intracellular moiety of Fas identified an 80-amino acid-long domain that was necessary for apoptosis induction. A functionally homologous domain was also found in the p55 tumor necrosis factor (TNF) receptor and was aptly called the "death domain" (2, 3) . It was presumed that the death domain transmits its signal after interaction with an intracellular ligand(s). In an attempt to isolate these molecules, several groups used the two-hybrid system to detect interacting proteins. Interestingly, three genes, RIP (4), FADDIMORT1 (5, 6) , and TRADD (7) , have been found that interact with Fas and/or the p55 TNF receptor and possess death domains of their own. Moreover, these genes induce apoptosis upon overexpression, suggesting that they mediate a physiologic apoptotic signal. RIP encodes a unique domain with homology to both serine/threonine and tyrosine kinases. This domain is separated from the death domain by a so-called "spacer" region with sequence similarity to the a-helical domains of the trichohyalin hair proteins (4) .
In this study, we have further characterized the signaling requirements for cell death induction by RIP (8) . RIP was amplified with suitable primers and ligated together with the chimeric IL4R-Fas sequence into the expression vector pAPtag-1 (9) . The construct's correct sequence was verified by sequencing. The RIP-IL4R deletion constructs were generated after subcloning RIP from pAPtag-1 into the pBluescript vector. The mutated constructs were resubcloned into the IL4R-Fas expression vector constructs. A total of 5 ,ug of plasmid was added to 90 Al of H20, 100 ,ul of 2x HBS (40 mM Hepes/274 mM NaCl/10 mM KCl/1.7 mM Na2HPO4, pH 7.06) was added, and the precipitate formed with the dropwise addition of 10 ,ul of 2.5 M CaCl2. The mixture was equally distributed to two 2-cm plates with 293 cells (-60% confluency) with 20 ,uM chloroquine. After a 6-h incubation, the medium was changed to remove chloroquine. One plate was incubated overnight after which the percentage of apoptotic cells was determined. The other plate was incubated for 3 h after transfection and stained for (3-gal activity before any apoptosis was observable so that an accurate measurement of transfection efficiency could be made regardless of the death-inducing activity of the plasmid in question. The 13-gal staining served to monitor the transfection efficiency from plate to plate. The ratio of apoptotic cells to the total cell number was determined morphologically by using a Zeiss microscope with a 300-fold magnification. At least 800 cells were counted in each measurement. Each assay was performed at least three times with similar results. The results of a fourth experiment are shown. When IL4R fusion constructs were used, the plates were incubated with an antibody against the human IL4R (Genzyme) diluted 1:3000, and actinomycin D, for 8-10 h.
PCR. The isolation of FADD from a human lung library (Stratagene) was done using primers based on the published sequence (5 (data not shown). In an effort to distinguish portions of the RIP molecule that are required for self-aggregation from those with effector functions, we fused wild-type RIP and the three deletion mutants that contain death domains (Fig. 1A) to the extracellular portion of the human IL4R. Each of the IL4R-RIP expression plasmids was transfected into duplicate plates of 293 cells. After transfection, one plate was incubated with an anti-IL4R antibody, while the second plate was left untreated.
All of the IL4R-RIP fusion constructs were able to induce apoptosis when crosslinked with the anti-IL4R antibody (Fig.  24) , suggesting that a complex of RIP death domains, when exposed to the cytoplasm, is sufficient to induce apoptosis. By contrast, the RIP kinase domain (residues 1-308) fused to IL4R was not active in this assay regardless of the presence of anti-IL4R antibody (data not shown). This corroborates the results obtained with the overexpression of a similar cytoplasmic kinase-deletion mutant (RIPA 377-656, see Fig. IB) . Surprisingly, an RIP construct consisting only of the RIP death Fig. 1 ) fused to the extracellular portion of the IL4R (residues 1-234) were transfected into two plates containing 293 cells. One plate was incubated for 8 h with an antibody that crosslinks the extracellular domain of IL4R (+), and the other plate was left untreated (-). The percentage of cells undergoing apoptosis was determined as detailed in Fig. 1. (B) Crosslinking of IL4R-FADD fusions has no effect on apoptosis induction. The deletion mutants of FADD were fused to IL4R and 1 jig of each was used to transfect duplicate plates of 293 cells. One plate was treated with an antibody against IL4R (300 ng/ml) for 10 h, which led to crosslinking of the receptor and concomittantly of the portion of FADD that was cytoplasmic. The other plate did not receive the antibody and was used as a negative control for apoptosis induction. In bothA and B, the plate that did not receive antibody was subsequently stained with 4-bromo-3-chloro-2-indolyl ,B-D-galactoside to determine the transfection efficiency that varied by less than 2% from plate to plate (data not shown). domain fused to IL4R induced apoptosis when aggregated by IL4R crosslinking (Fig. 2A) . We had previously observed (Fig.  1B ) that RIP's death domain alone failed to bring about apoptosis when overexpressed in 293 cells. Notably, each deletion mutant induced apoptosis to approximately the same extent, in contrast to their behavior after cytoplasmic overexpression (compare Figs. 2A and 1B) .
FADD's Apoptosis Induction Is Independent of SelfAssociation. Both RIP and FADD were identified through their ability to interact with the Fas receptor. Since each of these also encodes a death domain, we wished to compare their properties and structural requirements. N-and C-terminal deletion mutants of FADD were fused to IL4R, transfected into 293 cells, and crosslinked with an anti-IL4R antibody (Fig.  2B) . In contrast to the IL4R-RIP fusion protein, which mediated apoptotic activity only when crosslinked ( Fig. 2A) 93 (1996) transfected with the simian virus large tumor (T) antigen (293T) (13) . While 293T cells did not undergo apoptosis with FADD overexpression (Fig. 4 Right), parental 293 cells became shrunken and exhibited membrane blebbing, clear signs of apoptosis (Fig. 4 (14) . We therefore tested several concentrations of H-7 for its ability to reverse the resistance of 293 T cells to Fas-, TNF-, and FADD-induced apoptosis and found no effect (data not shown). Moreover, transfection of the large T antigen into the parental 293 cells did not repress apoptosis induced by FADD (data not shown). Thus resistance to receptor-and FADD-mediated apoptosis in the 293T cells is likely to be due to a secondary mutation or further epigenetic events in this lineage .
RIP and FADD Converge on an ICE-Like Cysteine Protease. We also wished to learn whether the induction of apoptosis by RIP relies on the downstream activation of an ICE-like cysteine protease [these proteases have been implicated in apoptotic signaling in diverse settings (15) (Fig. 5) . In addition, a tetrapeptide (YVAD) derived from the cleavage site of interleukin 113, which acts as a competitive inhibitor of cysteine proteases (18) , was able to block RIP-induced cell death in BHK cells in a dosedependent manner (data not shown). Despite differences in their apoptosis-inducing properties, the stimuli elicited by FADD and RIP appear to converge on the ICE family of cysteine proteases.
DISCUSSION
Structural Requirements for RIP-and FADD-Induced Apoptosis. Our structural studies allow us to stipulate the intramolecular requirements for death-induction by death domaincontaining proteins. Studies of overexpressed wild-type and deletion forms of RIP demonstrate that its death domain is necessary for the induction of apoptosis. The death domain is not, however, sufficient in that additional sequences, including the a-helical domain, are also needed for this activity. Since RIP's death domain alone is sufficient to induce apoptosis when crosslinked via the IL-4R, the simplest explanation for this difference is to imagine that the spacer normally assists in the intermolecular association of RIP death domains. Interestingly, a recent report suggests that RIP's death domain can induce apoptosis on its own (19) . This discrepancy might be due to the use of myc epitope fusion constructs with the human RIP and the recording of apoptosis 12 h later than in our assay.
In contrast to RIP, FADD's apoptotic activity is not triggered when its death domain is crosslinked via IL4R. This raises the question as to whether there are two types of death domains. The first type, represented by RIP, Fas, and the TNF receptor, is able to undergo homotypic interactions and induce apoptosis. The second type, represented by FADD, lacks the capacity to perform both of those functions. This latter type of death domain might, therefore, serve only as an adaptor for other death domains. Thus, while FADD is capable of inter- (Fig. 4) We can make further inferences as to whether the putative parallel RIP and FADD pathways converge. The cysteine protease inhibitor CrmA has been shown to suppress apoptosis in a variety of experimental settings (15) , including Fas-and FADD-induced cell death (16, 17, 5) . Our results indicate that both FADD-and RIP-induced apoptosis are inhibited by CrmA (Fig. 5) and thus imply that both funnel into the ICE family of cysteine proteases.
